Researchers from the U.S. Geological Survey, University of NebraskaLincoln and the European Commission's Joint Research Centre, Ispra, Italy produced a 1 km resolution global land cover characteristics database for use in a wide range of continental-to global-scale environmental studies. This database provides a unique view of the broad patterns of the biogeographical and ecoclimatic diversity of the global land surface, and presents a detailed interpretation of the extent of human development. The project was carried out as an International Geosphere-Biosphere Programme, Data and Information Systems (IGBP-DIS) initiative. The IGBP DISCover global land cover product is an integral component of the global land cover database. DISCover includes 17 general land cover classes de ned to meet the needs of IGBP core science projects. A formal accuracy assessment of the DISCover data layer will be completed in 1998.
Introduction
Numerous scienti c forums have addressed the need for improved global land cover data. An early International Geosphere-Biosphere Programme (IGBP) report on the prospects for an integrated international global change research programme pointed out that existing global land cover data were inadequate to support planned IGBP research (IGBP 1990) . The report noted that while land cover data are among the most important and universally used terrestrial data set, land cover data did not exist on a coherent, long-term basis and with speci cations suited for many environmental applications. This is in spite of the fact that observations recorded over the past 8 years from Earth orbiting satellites were available and from which the needed global time series could be derived. At a 1992 IGBP workshop in Toulouse, France, the global data requirements of all the IGBP core science projects were canvassed. Data on current global land cover and land cover change were the top priority of several core projects (Rasool 1992 ). An evaluation of the Toulouse data priorities led to a conclusion by the Data and Information Systems (DIS) component of the IGBP that the most important data de ciency in terms of global data sets was land cover characteristics (IGBP 1992) . Furthermore, the recommendation was made that 1 km data from the Advanced Very High Resolution Radiometer (AVHRR) be used to develop the next generation of global land cover data. As a result, the IGBP-DIS, through the Land Cover Working Group (LCWG), initiated a programme to develop a global land cover product based on 1 km AVHRR data. This paper reports the results of an international e ort to improve global land data sets needed for continental-to global-scale environmental research
T he need for improved global land cover data
Global land cover data are essential to most global change research objectives, including the assessment of current global environmental conditions and the simulation of future environmental scenarios that ultimately lead to public policy development. In addition, land cover data are applied in national and sub-continental scale operational environmental and land management applications (e.g., weather forecasting, re danger assessments, resource development planning, and the establishment of air quality standards). However, current global land cover data are inadequate to meet either the research needs of the global change science community, or the operational requirements of national and international resource management organizations (Pielke et al. 1997) .
The science plans of the IGBP core projects illustrate the diversity of requirements for improved global land cover data. The International Global Atmospheric Chemistry (IGAC) project speci ed that a global geographic land cover database was needed that could be used to model N 2 O, CH 4 and CO 2 uxes (Matson and Ojima 1990) . The Biological Aspects of the Hydrologic Cycle (BAHC) core project called for the assembly of global data on vegetation for use in biogeochemical studies (IGBP 1993a) . The joint IGBP-Human Dimensions Program (HDP) core project on Land Use-Cover Change (LUCC) pointed out that the paucity and unreliability of much of the data frustrate attempts at more precise assessments of the biogeochemical implications of land cover change (IGBP 1993b) . A related programme, the international initiative to establish a Global Terrestrial Observing System, also identi ed the compilation of ecosystem databases with high-resolution global spatial coverage as a priority (Heal 1993) .
While the need for land cover data is clear, there is no consensus regarding many of the speci cations for a global land cover product. The speci c environmental variables that are connected with land cover vary by application, discipline and model. However, there is general agreement that the next generation land cover product should be based on observation rather than compilation, and that a database spatial resolution of 1 km is currently appropriate for meeting the widest range of emerging global modelling applications (IGBP 1992).
Previous global land cover databases
Until recently, there were only a small number of global land cover databases being used in global environmental studies. The most commonly used include the Matthews (1983) , Olson and Watts (1982) and Wilson and Henderson-Sellers (1985) global databases. More recently, DeFries et al. (1995) developed a global land cover database. A summary of the characteristics of these four global land cover databases is given in table 1.
These four global databases all have very coarse resolution (typically 1ß latitude by 1ß longitude) and were primarily designed for use by researchers working with global climate models. These global database development e orts involved combining existing source maps into coarse grids. The source maps were sometimes out of date and usually required a translation in class names between the map classi cation and the desired classi cation scheme. The procedures to create appropriate land surface data for modelling included extensive reclassi cation or aggregation of pre-existing vegetation information. Unfortunately, the level of information available for performing this task was often insu cient. Only the DeFries et al. (1995) database di ered from this common approach, as it was developed using the supervised classi cation of a 1987 global 1ß latitude by 1ß longitude AVHRR Normalized Di erence Vegetation Index (NDVI ) data set prepared by Los et al. (1994) .
The global land cover databases developed in the 1980s are outdated. In addition, several studies have pointed out de ciencies in the three databases developed through compilations of existing maps (Olson and Watts 1982 , Matthews 1983 , Wilson and Henderson-Sellers 1985 . For example, Henderson-Sellers et al. (1986) concluded that it was unfortunate that so little peer-group pressure was used to assess errors in data sources or the methodologies used to de ne the descriptions of existing data sets. Leemans et al. (1997) compared the extent and spatial patterns of 18 classes representing major biomes. Kappa statistics indicated only poor to fair agreement between all maps. The biomes generally in agreement were those with large extents, such as hot desert, boreal and tropical rain forests. There were large di erences in the way ecotones and the smaller biomes were characterized in the di erent databases. Finally, DeFries and Townshend (1994) compared the Olson, Wilson and HendersonSellers, and Matthews classi cations to determine their relative consistency. They generalized the categories from the three data sets into 15 categories and then compared the spatial extent of each category in each data set. They found that even when the global area of a given land cover class was similar in all three data sets, the area of spatial agreement was generally much smaller because the distributions were not geographically coincident.
There are many possible reasons for the di erences between these databases, including di erences in sources, methods and classi cation systems. Regardless of the cause of the di erences, the need for a more current and validated global land cover database is clear.
Use of AV HRR for large-area mapping
AVHRR data are viewed as the appropriate remotely sensed data for global land cover mapping (IGBP 1992) . AVHRR data have resolutions of 1, 4 and 16 km. The 1 km AVHRR data have been suggested by IGBP (1992) to be most appropriate for the generation of a science-quality global land cover database. However, while there have been several studies that have demonstrated the potential of 1 km AVHRR data for large-area mapping (e.g. Loveland et al. 1991 , Stone et al. 1994 , Zhu and Evans 1994 , Achard and Estreguil 1995 , Cihlar et al. 1996 , 1 km data have not been used to produce a global land cover database prior to this research.
To date, most research on the use of 1 km AVHRR data for land cover mapping has been for smaller study areas. While not necessarily indicative of the results that can be expected at the global scale, several studies provide some evidence of the types of accuracy possible when using AVHRR data for land cover mapping. For example, Fleischmann and Walsh (1991) used a seven-image NDVI set that was classi ed using unsupervised methods to create ve land cover categories for North Carolina. Classi cation accuracy ranged from 63.6% for both the hardwood/pine and grassland classes, to 57.9% for pure hardwoods, to 22.0% for croplands. McGwire et al. (1992) investigated the use of multi-date AVHRR data for regional land cover classi cation in California. An unsupervised principal components classication yielded 61% overall accuracy for sub-formations and 70% for formations, while overall principal components supervised classi cation accuracy was 45% at the sub-formation level and 71% at the formation level. Frederiksen and Lawesson (1992) used a supervised classi cation, augmented by a clustering classi cation based on Canonical Correspondence Analysis, to classify AVHRR data covering Senegal. The classi cation accuracy for the woody vegetation types varied from 60 to 100% with inaccuracies mainly occurring at zone boundaries. Nelson and Horning (1993) used three AVHRR scenes (two dry season and one wet season) to map forest cover in Madagascar. They strati ed the island into four segments, and then classi ed each segment separately using a multi-cluster block procedure. A comparison of the AVHRR forest classi cation to an early 1980s Landsat Multi-Spectral Scanner (MSS) interpretation showed that there was an 81% areal agreement between the AVHRR and MSS results.
For global mapping using AVHRR, there has been some experimentation with 16 km data to map phytophenological land cover (Lloyd 1990) . DeFries and Townshend (1994) used 4 km AVHRR data generalized into 1ß latitude by 1ß longitude grid cells to map global land cover using the Simple Biosphere (SiB) land cover legend. Now, because global 1 km land cover data are available, it is possible to map at much higher resolution.
IGBP DISCover and USGS global land cover database speci cations
The U.S. Geological Survey's EROS Data Center sta , in cooperation with a number of partners, including researchers from the University of Nebraska-Lincoln (UNL ) and the European Commission's Joint Research Centre in Ispra, Italy, led the implementation of the IGBP LCWG mapping strategy. The results of this collaboration were: (1) a multi-dimensional 1 km resolution global land cover characteristics database; and (2) the 1 km IGBP-DIS global land cover product, or DISCover, which was based on the de nitions and procedures approved by the IGBP-DIS LCWG. As such, the DISCover data layer is part of a more comprehensive global land cover characteristics database ( hereafter referred to as the GLCC database) that provides mechanisms for modifying and improving land cover products as the requirements of IGBP and other scienti c users change. The following two sections summarize the speci cations of both DISCover and the GLCC.
IGBP DISCover speci cations
As stated earlier, the development of an IGBP-sanctioned global land cover database arose from the signi cant needs of IGBP core science activities. In response to these needs, IGBP-DIS catalysed the development of the 1 km global AVHRR land data project to obtain daily AVHRR data for all terrestrial surfaces, and the generation of land cover data sets from this archive for use by IGBP science elements (Townshend 1994) . The development of this data set was endorsed by the Committee on Earth Observations Satellites, and, starting in 1992, was implemented by the USGS, National Aeronautics and Space Administration (NASA), National Oceanic and Atmospheric Administration (NOAA) and the European Space Agency (ESA). The processing steps and overall characteristics of this data set have been described by Eidenshink and Faundeen (1994) . The DISCover product, de ned based on IGBP requirements and the known limitations of the AVHRR data concerning separation of cover types, was created from these data. A complete summary of DISCover speci cations can be found in the work of Belward (1996) .
DISCover was de ned to: (1) be developed from 1 km data; (2) correspond with the April 1992-March 1993 period; (3) have 17 land cover classes (table 2); (4) use methods developed by the USGS; and (5) be validated using state-of-the-practice methods. Concerning the land cover legend, it: (1) meets the science requirements of the IGBP core science projects; (2) aims to be exhaustive, so every part of the Earth's surface is assigned to a class; (3) is exclusive, so that classes do not overlap; and (4) is structured so classes are equally interpretable with 1 km data, higher resolution satellite imagery, or ground observation. The 17 categories embrace the climate independence and canopy component philosophy presented by Running et al. (1994) , but are modi ed to be compatible with classi cation systems currently used for environmental modelling to provide, where possible, land use implications, and to represent landscape mosaics. The USGS-UNL land cover mapping strategy reported by Loveland et al. (1991) and Brown et al. (1993) was selected because it had been previously tested and, thus, increased the likelihood of the timely completion of DISCover; however, the LCWG acknowledged that many approaches to global land cover mapping from AVHRR data are feasible. (Belward 1996 
USGS-UNL land cover characteristics database concept
The USGS-UNL global land cover characterization conceptual strategy is based on the philosophy that the speci c land cover types, de nitions and spatial resolutions required for global studies vary both within and between applications. The strategy includes the use of a multi-temporal, multi-source classi cation strategy to produce a multi-dimensional database that can be modi ed on a case-by-case basis to meet the speci c needs of each intended application. The key element of the global land cover characteristics database concept is a multi-attributed and multi-layered database rather than a more traditional single map of land cover based on a prede ned legend or single attribute. This database includes DISCover, but also other land cover data layers. This approach is warranted because of the signi cant diversity of land cover requirements within today's environmental assessment and modelling communities. This exible database strategy basically shifts the focus of mapping from a conventional mapping e ort to a process of description, documentation and data fusion.
Seasonal land cover regions are the minimum mapping units, and serve as the framework for presenting the temporal and spatial patterns of global vegetation, as well as providing documentation for tailoring land cover data into speci c information classes from a range of land cover schemes (Loveland et al. 1995) . These regions are composed of relatively homogeneous land cover characteristics (for example, similar oristic and physiognomic characteristics) which exhibit distinctive phenology (that is, onset, peak and seasonal duration of greenness) and have common levels of relative primary production. Seasonal land cover regions serve as summary units for both descriptive and quantitative attributes that facilitate updating, calculating and transforming entries into new parameters or classes, which provides exibility for using the land cover characteristics database in a variety of models. Core attributes of each seasonal land cover region include: (1) land cover descriptions; (2) seasonal characteristics; (3) site characteristics (elevation ranges, biome representation, and other relevant local descriptors); and (4) multi-temporal NDVI statistics. Translations of these attributes into common land cover legends used in large-area environmental modelling can be made so that globally consistent general land cover data sets are available. Look-up tables are used to identify the seasonal land cover regions aggregated to form the individual classes in each legend. The GLCC includes seven derived land cover data sets that are aggregations of seasonal land cover regions (table 3) . The IGBP DISCover land cover product is one of the seven. It is important to note that only the IGBP DISCover data set will be validated to determine the overall global accuracy. Cost, time and logistical considerations prohibit the validation of the other data as classi ed in any of the other systems listed above.
Methods and results
The global land cover characteristics database was developed on a continent-bycontinent basis through the unsupervised classi cation of AVHRR NDVI monthly composites, followed by extensive post-classi cation re nement using ancillary data. This approach was considered to be appropriate because: (1) a relatively detailed land cover characterization was required; (2) the global landscape is vast and heterogeneous; (3 ) the AVHRR composites are of variable quality; and (4) there is no systematic source of consistent and detailed reference data from which to base training decisions. The classi cation methodology involves a sequence of six analytical steps.
AVHRR recompositing and quality assessment
The 10-day composites were consolidated into monthly composites using maximum value compositing and evaluated to document image characteristics and problems. Previous experience has shown that through the recompositing process, the overall data volume can be reduced by two-thirds and composite quality can be improved, while still providing phenological information relevant to the land cover classi cation process (Townshend and Justice 1986 , Loveland et al. 1991 , DeFries and Townshend 1994 . Data volume reduced from 23.84 Gbyte for the 12-month global 10-day composites to 7.95 Gbyte for monthly composites while still preserving the annual sequence of phenological development (table 4) .
Improvements in data quality can be expected as a result of using monthly Table 3 . Derived global land cover data sets in the GLCC.
Number of Classi cation scheme classes Intended application
Olson Global Ecosystems (Olson 1994) 94 Carbon cycle studies IGBP DISCover Land Cover Legend 17 Global change (Belward 1996) Biosphere-Atmosphere Transfer Scheme 20 Land-atmosphere interactions (BATS) (climate models) Simple Biosphere Model (SiB) (Sellers et al. 16 Land-atmosphere interactions 1986) (climate models) Simple Biosphere Model 2 (SiB2) (Sellers 10 Land-atmosphere interactions et al. 1996) (climate models) USGS Land Use/Land Cover System 24 Multi-purpose (Anderson et al. 1976) Global Remote Sensing Land Cover 8 Biogeochemical modelling (Running et al. 1994) composites because a longer time span increases both the likelihood of cloud-free coverage (Holben 1986 ) and overall data completeness. This is particularly important in areas a ected by ground station acquisition problems or policies and persistent clouds. For some 10-day periods, there have been gaps in the composites where no data were available. Expanding the temporal window reduced these problems. The AVHRR quality assessment process provided a means to identify correctable de ciencies in the AVHRR composites that would adversely a ect the land cover classi cation (Zhu and Yang 1996) . Examples of image characteristics that were identi ed include: (1) gross image misregistration where landscape features (i.e. stream channels, coastlines, lakes) were clearly o set; (2) gross radiometric anomalies caused by processing blunders (i.e. application of incorrect radiometric calibration coe cients, absence of atmospheric corrections); (3) gaps resulting from missing data; (4) presence of mosaic or composite lines; (5) problems associated with the inclusion of images outside the composite period; and (6) excessive cloud contamination.
Mask preparation
Masks of barren or sparsely vegetated areas (water bodies, barren, and snow and ice) were generated. While the NDVI is appropriate for the identi cation of vegetated land cover patterns and characteristics, it is not suited to the discrimination of cover patterns within non-vegetated landscapes. The NDVI of non-vegetated lands has a high variance, and when statistical clustering techniques are applied, the nonvegetation pixels are segmented into an excessive number of irrelevant classes that detract from the segmentation of vegetated landscapes. Consequently, the NDVI data for non-vegetated areas were masked prior to the classi cation of the 12-month set of monthly composites.
Water bodies were masked using the hydrography layer of the Digital Chart of the World or DCW (Danko 1992) . In some cases, the DCW hydrography is quite dated and exaggerates the actual spatial extent of some water bodies (e.g. Aral Sea of Kazakstan and Uzbekistan, Lake Chad of Chad, Nigeria, and Niger and Lake Turkana of Kenya). Barren, sparsely vegetated, and snow and ice covered areas were identi ed through the thresholding of a maximum greenness composite representing the April 1992-March 1993 period. When maximum greenness NDVI values are less than 0.04-0.10, it can be assumed that vegetation densities are below 5-10% cover (Tucker et al. 1986 ). The interpretation of non-vegetated surfaces used a conservative strategy that initially led to underestimation of barren areas. However, subsequent classi cation and segmentation of the vegetated landscape provided an additional opportunity to identify barren and sparsely vegetated lands. Therefore, di erences caused by variable soil colour, illumination levels or other environmental factors could still be de ned and interpreted.
Unsupervised classi cation/preliminary greenness classes
The set of monthly NDVI composites was clustered using an unsupervised classi cation strategy, cluster attributes were generated, and preliminary greenness class interpretations were developed. The interpretation was based on the use of computer-assisted image processing tools; however, the classi cation process was far from automated and more closely followed a traditional manual image interpretation approach (Estes et al. 1983) .
Unsupervised techniques have been applied with success in other classi cation problems in which AVHRR data were used (e.g. Gervin et al.1985 , Fleischmann and Walsh 1991 , Loveland et al. 1991 , Gaston et al. 1994 , Millington et al.1994 . In this study, unsupervised classi cation provided meaningful mapping units that complemented the database concept used in this project. It can be argued that the relationship between spectral data and speci c land cover classes is, at best, ambiguous. As a result, it can also be argued that the process of assigning land cover type labels to spectral classes, whether done through an unsupervised or supervised process, is a signi cant potential source of classi cation error. Therefore, spectral regions de ned using an unsupervised strategy can be treated as classic geographic regions (i.e. having patterns more similar within than outside their boundaries), and can serve as models of local landscape diversity. Considering that digital image classi cation is far from automated (only the image segmentation is automated ), classi cations, whether supervised or unsupervised, are based on a series of local decisions that aggregate to a global land cover classi cation. Those local interpretations provide a means to document the environmental diversity represented within individual spectral regions. Thus, the unsupervised strategy used in this research was intended as the starting point for segmenting the global AVHRR data into local regions that can be interpreted using a combination of traditional and automated image analysis techniques and tools.
Clustering of the masked continental AVHRR monthly composite sets was done using the 'Los Alamos' clustering algorithm developed by Kelly and White (1993) . This algorithm is optimized for e cient use with large data sets. It uses a Monte Carlo random sampling approach in which a new sample is selected for each clustering iteration. In addition, the sample used for each iteration is quite small, typically one per cent of the input data set, which increases clustering performance. The clustering is based on the K-Means technique to develop cluster centres and vectors, and the minimum distance to the mean classi er is used to assign pixels to corresponding classes. The number of clusters created for each continent was based the collective judgement of the project team, and considered continental data set size, data quality and environmental variability (table 5) . For example, Eurasia was the largest and most diverse continent, so 150 clusters were de ned. However, only 80 clusters were de ned for South America. The remaining three continents had 100 clusters created. Originally, a small number of clusters (50-70) was planned for Australia-Paci c. However, because of poor data quality, the islands of Borneo, Sumatra and Papua-New Guinea were clustered separately using a smaller number of clear composites. This increased the total number of Australia-Paci c clusters to 100. The clustered data represented preliminary greenness classes that corresponded to homogeneous patterns of seasonality and were related to relative patterns of productivity. However, in many cases the preliminary greenness classes represented multiple disparate land cover classes. Preliminary labels were developed that provided a general understanding of the characteristics of each cluster or preliminary greenness class, and classes with two or more disparate land cover classes were identi ed. The image interpretation process followed the traditional 'convergence of evidence' strategy that is commonly used in air photo interpretation. Image features, including the spatial pattern of classes and their location and association with other classes, the annual NDVI sequence, site characteristics, and relationships between patterns and reference materials were all used in the labelling of the preliminary greenness classes. The draft descriptions were based on a wide range of references, including digital and hardcopy land cover maps, atlases and Landsat imagery. Because individual interpreters may have a biased perspective of particular areas based on their discipline background, interpretation experience and familiarity with the study area, three or more interpreters independently labelled each class (McGwire 1992) . Where di erences existed, the interpreters compared decisions and consulted reference materials in order to arrive at a consensus.
Post-classi cation re nement/seasonal land cover regions
Several methods were used to stratify and transform preliminary greenness classes representing multiple disparate land cover characteristics into seasonal land cover regions. Seasonal land cover regions, by de nition, have similar mosaics of land cover types and common seasonal properties. The seasonal land cover regions development process involved splitting the heterogeneous preliminary greenness classes into relatively homogenous land cover using a post-classi cation re nement process, and then creating land cover descriptions and attributes for each region. Much of the land cover confusion was the result of spectral similarities between natural and agricultural land cover. Developing criteria based on the relationship between the confused seasonal greenness classes and selected ancillary data sets solved these problems.
The classes with multiple cover types were split into smaller, more homogenous regions using a variety of methods, including the following.
Ancillary data splits. Selected ancillary data sets (i.e. elevation, ecoregions) were used to subdivide the heterogeneous classes into 'pure' seasonal land cover regions (Brown et al. 1993 ).
User-de ned polygons. Also referred to as 'on-screen digitizing', this approach was used when ancillary data did not provide the appropriate spatial context for dividing the class into homogenous parts.
Multi-source combinations. In some cases, ancillary data were augmented with user-de ned polygons to develop the necessary mask for post-classi cation re nement. This typically involved developing new regions based on a combination of both elevation and ecoregions.
E
Spectral reclustering. Reclustering, using either di erent clustering parameters or a smaller set of NDVI composites, was used to break single classes into a number of smaller classes. This strati cation approach was the least used.
After the preliminary greenness classes were strati ed into seasonal land cover regions, nal land cover attributes were formulated. As before, each seasonal land cover region was reviewed by at least three interpreters. Because the accuracy of many of the source materials was generally unknown, agreement between multiple references and consensus among the interpreter teams was required before class descriptions were nalized. A total of 961 seasonal land cover regions were produced for the ve vegetation-dominated continents (table 5) . Eurasia, the largest and most diverse landmass, had 255 seasonal land cover regions, while Australia-Paci c, the smallest, had 137 regions. For North America, 205 regions were de ned, 197 were developed for Africa, and 167 seasonal land cover regions were recognized for South America. The total number of Eurasia seasonal land cover regions was constrained by the need to keep the number of classes in an 8-bit range so that the data set could be used in most image processing and geographic information systems. Table 5 provides evidence of the information content in the seasonal land cover database and the extent of post-classi cation confusion encountered. Figure 1 provides an example of the seasonal land cover regions for Africa.
Once the nal seasonal land cover regions were de ned, attributes were developed for each individual seasonal land cover region. Attributes for each class included the following.
Land cover assignments for Olson Global Ecosystems, IGBP DISCover, SiB, SiB2, BATS, Running and USGS Anderson classi cation systems.
The seasonal land cover regions are continent-speci c and de nitions are not standardized between continents. These seasonal land cover regions are the fundamental spatial unit of the database and the basis for developing general land cover categorizations. They provide a detailed representation of the global patterns of land cover and environmental diversity, and o er a unique way of visualizing the interplay of land cover, seasonality and productivity. However, they are descriptive and must be used with considerable caution because they lack the standardization necessary for some scienti c applications. While they indicate important landscape properties, they require validation to verify their contents.
Derived land cover data sets
A set of general land cover data layers was derived from the seasonal land cover regions classi cation. This was done for two reasons. First, it provided the global consistency in land cover de nitions that is lacking with the unstructured continental seasonal land cover regions descriptions. Second, it was part of the exible database strategy used in this research to provide land cover data that can be tailored to speci c applications. The earlier review of land cover data requirements for environmental modelling showed that there are some land cover legends that are common in a number of modelling applications. Because of these common requirements, the nal global land cover characteristics database includes several speci c land cover products. The general land cover data sets that were produced are listed in table 3.
The derived land cover data sets were developed using a methodology that rst related the individual seasonal land cover regions to Olson's Global Ecosystems (Olson 1994) , an update of the 49-class system developed by Olson and Watts (1982) , which were then cross-walked into the other land cover legends. The Olson legend was used as the bridging system because it: (1) has su cient thematic detail (94 potential classes) and was developed for global applications; (2) has been used for large-area modelling and has links to landscape productivity, particularly carbon stocks; (3 ) recognizes anthropogenic elements of the landscape; (4) recognizes landscape mosaics that occur at coarse resolutions; and (5) includes attributes on climate and physiognomy, and implies oristic elements.
A look-up table was developed that provided the relationship of each Olson class to the corresponding classes in the other general land cover legends. Once a seasonal land cover region was assigned to an Olson category, it was automatically related to any one of the six other land cover classi cation systems. The advantage of this approach was that it increased the e ciency and improved the consistency for assembling the global derived land cover layers. In addition, it facilitates the development of new data sets when additional user requirements are identi ed. However, while this strategy was generally e ective, it was still necessary to review individual translations to verify class assignments. A review of the results of the Olson to other land cover legend translation process revealed that less than 5% of all original assignments required modi cation. Maps of two of the seven derived global land cover products (Olson and IGBP DISCover) are displayed in gures 2 and 3.
Urban land cover could not be consistently classi ed using multi-temporal NDVI data. The heterogeneous nature of urban land cover, resulting from the complex patterns of land use, as well as the coarse resolution of 1 km AVHRR data, make it practically impossible to map urban land cover using computer-assisted image classication methods. Thus, the required urban land cover data came from the populated places' data layer in the Defense Mapping Agency's DCW (Danko 1992) . This data layer was derived from 1:1 000 000 scale maps and is therefore at a compatible resolution. A signi cant limitation of the DCW urban data is that they are drawn from maps of varying ages, ranging from the 1960s to 1980s. Typically the data from the rapidly urbanizing developing world are from the oldest sources.
Database assembly, validation and review
The ve vegetated continental data sets and Antarctica were consolidated into a single global land cover characteristics database. Note that Antarctica was not classi ed by AVHRR data, but mapped entirely as snow and ice. In addition, the continental data sets were projected into the Lambert Azimuthal Equal Area projection. Complete classi cation documentation was prepared, and the data sets and documentation were released for external peer review. Problems identi ed during the peer review were corrected. The IGBP land cover classi cation will be validated using a formal but separate accuracy assessment process. Following completion of the IGBP validation, the global database will be revised based on all of the input received through both the formal validation and the informal external peer review process. These preliminary products, as well as source materials used in the analysis, are available at the website: http://edcwww.cr.usgs.gov/landdaac/glcc/glcc.html.
Results
The global land cover database includes 961 seasonal land cover regions ( land and water), and seven additional land cover layers derived from those regions. Collectively, they provide several levels of thematic detail. Table 6 summarizes the overall level of detail, both globally and per continent, contained in the seven derived land cover layers. The seasonal land cover regions provide the most detailed, albeit freeform, perspective on global land cover. While their freeform structure permits documentation of the unique land cover characteristics encountered throughout the globe, they are not organized to provide a global perspective on land cover patterns. The other land cover legends, especially Olson Global Ecosystems, IGBP DISCover and USGS Anderson, provide an organized and consistent framework for summarizing global land cover areas and patterns.
Global seasonal land cover regions observed f rom AVHRR data
The number of seasonal land cover regions per continent is somewhat subjective because of the process used to create their spatial con guration (clustering followed by post-classi cation re nement). The number of seasonal land cover regions between continents is also somewhat uneven due to decisions regarding initial clustering, maximum number of regions per continent, and interpreter perspectives and judgement. Even so, seasonal land cover regions are the most detailed mapping unit and represent what the interpreters considered to be the fundamental patterns of vegetation and their characteristics. Table 7 presents the number of seasonal land cover regions per continent per general land cover group and the number of regions per continent belonging to 20 general land cover groups. There are almost equal numbers of tree-covered (forests and woodlands) seasonal land cover regions as there are for agricultural land (crops and mosaics). There are 328 tree-covered regions, as compared with 316 for agriculture. Interestingly, global forest cover area is approximately double the land area of agriculture. There are possibly two explanations for this imbalance. First, the large number of agricultural seasonal land cover regions could be related to the frequency of confusion between natural vegetation and croplands. Second, there is considerable variability in croplands because of management decisions. While a forested region will have relatively similar seasonal traits, cropland seasonality will vary according to the farm management strategies applied. Crop rotations, planting times, fertilization rates and harvest decisions may create additional seasonal diversity that leads to a disproportionate number of agricultural seasonal land cover regions.
There are more seasonal land cover regions representing evergreen broadleaf forests than any other natural vegetation type. Evergreen broadleaf forests occupy more area than any other forest type. However, the large number of seasonal land cover regions may be partially related to the high frequency of atmospheric contamination of AVHRR data for the tropics, and the resulting fragmentation of classes. It is interesting to note that there are more seasonal land cover regions for evergreen needleleaf forests than there are for deciduous broadleaf forests, even though evergreen needleleaf and deciduous broadleaf forests cover approximately the same area. Because of more pronounced seasonality, it could be expected that more seasonal land cover regions would be needed to represent the seasonal variability of deciduous broadleaf forests. An inspection of class summaries of NDVI statistics shows that deciduous broadleaf forests do have greater variability than evergreen needleleaf forests. Global wetlands were under-represented in the database. The data and methods used in this research were not suited to the detection of wetlands. Wetlands represent a condition of land cover and such areas made up of con gurations of water, trees or herbaceous cover. Discriminating wetlands from other cover is therefore di cult with NDVI values. In addition, many wetlands are very small and below the resolution of 1 km AVHRR data. As a result, only large, contiguous wetland complexes (e.g. Sud, Okavanga, Everglades) were mapped.
L and cover composition based on IGBP DISCover
The IGBP DISCover land cover classi cation provides a preliminary perspective of the global and continental land cover composition (table 8) . Considering only the global land surface, which totals 145 696 845 km2, almost 28% of the global land surface is covered by forests and woodlands. Non-vegetated land cover (barren and sparsely vegetated, and snow and ice) occurs over 24% of the globe, with most of this covering Antarctica and Greenland. Next, croplands and cropland mosaics collectively represent over 19% of globe, followed by grasslands and savannas (14%). Shrublands cover over 14% of the globe. Based on the DCW database, less than 0.2% of the globe is urban land cover. Less than 1% of the globe, based on DISCover, is wetland. However, this gure is most likely a low estimate and is an artifact of the limitations of AVHRR and the classi cation methods used in this investigation. Based on the IGBP DISCover classi cation, there is considerable variability in the composition of continental land cover. The continental land cover composition is as follows.
Antarctica. The continent is completely mapped as snow and ice. E Africa. The primary cover is barren or sparsely vegetated lands (32% of total land area), due to the expansive Sahara, Namib, and Kalahari deserts. Grasslands and savannas are the dominant types of vegetated land cover (27%), followed by forests and woodlands (23%), and then shrublands (9%). Africa has the smallest percentage of land in agriculture, with only 8% of the area in croplands or cropland mosaics. Africa also has the smallest amount of urban or built-up land (0.03%), although the database gure is likely to be inaccurate due to limitations of the DCW database. Wetlands, including the Sud, the Okavango Delta, and the mangroves of the Atlantic coast, occupy 0.2% of Africa. E Australia-Paci c. Over 43% of this land area is covered with shrubs, most of which are located on continental Australia. Forests and woodlands represent over 27% of the area. Grasslands and savannas (22%) follow this. Agricultural land area is relatively small, comprising 15% of the area. Barren and sparsely vegetated lands (0.2%) and snow and ice (0.01%) make up the non-vegetated landscape. Only 0.1% is urbanized, although this gure is also suspect due to problems with the DCW urban layer.
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Eurasia. Agricultural land cover, including both croplands and cropland mosaics, is the most common general land cover type (31%). The second most dominant land cover is forest and woodlands (25%). Next, in order of decreasing per cent cover are shrub cover (19%), non-vegetated lands (13%), and grasslands and savannas (11%). Eurasia has the largest mapped wetlands area (1.7%), with most found in the Taiga of north central Russia. While Eurasia has the largest urban area, this class represents only 0.3% of the continent area.
North America. Forests and woodlands are the most common types of land cover, claiming 38% of the continental landmass. Agricultural lands are second in areal extent (14% of North America). Nearly 13% is covered with shrubs, with much of this in the boreal and sub-Arctic region of the continent. Grasslands and savanna cover about 7% of the land surface. About 1.6% of North America was mapped as wetlands. North America has the highest percentage of land categorized as urban, but this only represents 0.4% of the continent. Of the non-vegetated cover, snow and ice (with the majority being in Greenland) covers 10.3% and barren lands cover 3.0%.
South America. Forests and woodlands make up half of South American land cover (50%), and nearly 90% of this is made up of evergreen broadleaf forests and woods. Agricultural land is second, totaling 22% of the continent. Grasslands and savannas represent 15% of South America and shrub land cover occupies almost 10%. Less than 0.1% of the continent is covered by wetlands and urban lands. Non-vegetated lands total about 3%.
Caution concerning the global and continental land cover composition estimates is necessary. These gures are the results of the land cover classi cation process but the area estimates have not been validated and do not have error terms associated with them at this time; furthermore, there are no plans to perform any validation of these continental estimates. Interpretation error is certainly present. Finally, the urban area estimates are based on the DCW (Danko 1992) , a source that from rsthand experience is known to be outdated and inconsistent from continent to continent.
Factors a ecting classi cation consistency
Because a consistent methodology was applied, it may be expected that a consistent global classi cation was produced. Even when using a consistent methodology, there are still a number of factors that may a ect classi cation accuracy. The environmental factors that a ected the application of the methods and the consistency of the results include the following.
Atmospheric contamination of the NDV I composites. Visual inspection of the NDVI pro les of the seasonal land cover regions provided evidence that almost 21% of the global land surface had composite coverage that was contaminated during at least one of the twelve months studied (table 9). South America had the largest contaminated land area, with 45.3% a ected for one or more of the twelve months. Australia-Paci c followed, with 22.2% of the land area a ected. In Eurasia, 18.7% of the land area was a ected by atmospheric contamination. North America had the smallest percentage of land contaminated (14.3%); contamination over Africa was similar (14.9%). An inspection of NDVI contamination by general land cover type (table 10) supports the perceptions created by the global map. Evergreen broadleaf forests clearly have the highest land area a ected (65.8%). Forested lands in general had the highest percentage of land area contaminated (mixed forests, 41.8%; evergreen needleleaf forest, 31.9%; deciduous needleleaf forests, 15.7%; deciduous broadleaf forests, 11.9%). At the other extreme, barren or sparsely vegetated areas showed negligible cloud cover (0.02%). Grasslands (4.7%) and shrublands (5.7%) were also low. Croplands were generally somewhat high, with dryland croplands having 26.73% contamination and irrigated crops having 41.64% contamination. The higher level of contaminated areas over irrigated lands is probably associated with humid rice production areas in tropical and subtropical regions. The result of this contamination was that a large number of small fragmented classes were created. While contaminated NDVI composites are undesirable, due to the potential for misinterpretation, they were still interpretable. Generally, seasonal land cover regions developed from contaminated NDVI tended to be signi cantly smaller (almost half the size) than regions developed from clear data. Since the clustering process results in homogenous groups of temporal NDVI values, the unique patches of contaminated data tended to result in large numbers of small contaminated clusters. This has the T he temporal-spectral relationship between natural or semi-natural vegetation and agriculture. Over 77% of the original clusters represented two or more disparate land cover types. Nearly 60% of the confusion was between agriculture and natural or semi-natural cover, with confusion between croplands and forests predominant. Of the remaining 40% of the confusion, 34% was between di erent types of natural or semi-natural vegetation, and the rest was between unrelated agricultural classes.
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Agricultural complexity and seasonal land cover regions. The development of detailed descriptions for agricultural seasonal land cover regions was more di cult than for any other class. Due to their high temporal-spectral diversity, combined with the availability of limited agricultural references, croplands showed a much larger percentage of generic class descriptions (40% of generic labels) than any other land cover type. Forest cover had the fewest number of generic labels.
Perhaps the most important factor a ecting the application of the land cover methods was non-technical. There was no time available for an external review of the Eurasia and Australia-Paci c databases because of project deadlines. In the other continental data sets, user reviews and comments provided valuable information concerning necessary database improvements, especially in land cover label corrections. The data sets for Eurasia and Australia-Paci c were not revised using this process.
While any of these points appear likely to have impacted classi cation consistency, it is not possible to quantify the impact without carrying out a formal validation. The IGBP validation will provide essential information about the accuracy and class consistency of the IGBP DISCover data set, but will not provide the details needed to determine internal consistency and the speci c a ects of the technical, nontechnical and environmental factors that have been identi ed as possible problems. Clearly, additional investigation is needed.
Validation issues
Science-quality data sets must have known accuracy if they are to meet the requirements of the user community (Estes and Mooneyhan 1994) . Validation of the accuracy of land cover databases covering local to regional scales is an uncommon practice due to cost and logistical challenges. At global scales, database validation, regardless of the theme, has been viewed as an impossible task (Goodchild 1988) . Clearly, the need is great, but the state-of-practice is untested at global scales. Progress must be made in advancing the state-of-practice, so that some level of validation of the quality and accuracy of global land cover databases can be produced.
In a separate, but complementary, activity, the IGBP LCWG has established the Validation Working Group (VWG) with the responsibility to design an accuracy assessment of the IGBP DISCover data set. The strategy and methodology was developed by the VWG during a series of workshops in which input was received from an international panel of experts in statistics, remote sensing, land cover mapping and environmental applications (Belward 1996) . The validation, which is being implemented by researchers at the University of California, Santa Barbara, will result in confusion matrices showing class errors of commission and omission, overall accuracy and kappa statistics of overall agreement. In addition, the error variances of the land cover area estimates will be computed.
While the IGBP validation is an essential and innovative initiative, it will not provide answers to all of the questions relevant to this research, such as the accuracy of the other data layers and the impact of data quality and methods. However, the validation results will shed light on the quality and characteristics of the classi cation produced through this research. Upon completion of the validation, expected in late 1998, the IGBP DISCover data layer will be the rst science-quality land cover data set. Perhaps just as important, the validation exercise may provide insights into future global land characterization initiatives.
The validation of IGBP DISCover will yield accuracy and area estimates for only one layer of the GLCC. At this time, no validations of the remaining six derived global land cover data sets, or the seasonal land cover regions databases, are scheduled. While completing accuracy assessments of these data sets is clearly important, the primary barrier to a more comprehensive database validation is cost and e ort. Continental, as well as global, validations of the seven derived land cover databases and the seasonal land cover regions would provide users with the accuracy information needed to enable the selection of appropriate land cover data sets for their study areas. Equally important, a more comprehensive validation would facilitate a more detailed assessment of the classi cation methodology by permitting assessment of database consistency.
Finally, there are other issues concerning database utility that must be examined. Capturing user experiences is a critical element for documenting database usability and quality. This will be evolutionary and results from users will, hopefully, appear in the scienti c literature over the next several years.
Summary, conclusions and recommendations
Global land cover data are essential to advancing most global change research objectives. Current global land cover data sets, however, are inadequate due to their age, accuracy, spatial resolution and thematic characteristics. A goal of this research was the development of the rst-ever globally consistent high-resolution (1 km) global land cover database and creation of the IGBP DISCover data set required by IGBP core science projects.
There is no broad scienti c consensus concerning the required thematic characteristics of global land cover. However, there is general consensus regarding the issue of the spatial and temporal scale of land cover data. Land cover data with 1 km resolution provide the maximum utility for global science investigations (IGBP 1992) . Furthermore, these data represent a speci c baseline period so that assessments have a rm temporal foundation. It must be recognized that advancements in applications using land cover data will eventually modify these requirements. Keeping abreast of user requirements involves constant monitoring and updating of the fundamental strategies and assumptions motivating land cover database development.
Because of the number of data layers in the global land cover characteristics database, the land cover composition of the globe and continents can be viewed in a number of ways. The seasonal land cover regions provide the most detailed mapping units (961 global seasonal land cover regions), but their unconventional organization precludes consistent summary across the globe. A consistent view of the composition of the global land surface, as determined using the IGBP DISCover legend, shows that forested land is the dominant global vegetative cover, followed by agriculture (including cropland/natural vegetation mosaics). The speci c area gures will be re ned by the upcoming IGBP DISCover validation. The consistency and accuracy of the data sets were likely a ected by several technical factors. Most notable is the impact of atmospheric contamination on the monthly composites. The spectral-temporal confusion between agriculture and natural vegetation also had a signi cant impact. Limitations in reference data, particularly in the Southern Hemisphere quite possibly caused some inconsistency in the results. Finally, time constraints eliminated the chance for peer review of the lastproduced continental data sets (Eurasia and Australia). The actual impact of these factors is not known, and can only be objectively determined through an accuracy assessment.
We are about to enter an era when new sources of remotely sensed data from sensors onboard the Earth Observing System morning satellite (EOS-AM ) will provide incredible opportunities for global land cover characterization. One particular instrument, the Moderate Resolution Imaging Spectroradiometer (MODIS) will provide fully calibrated multiple resolution data spread over 36 spectral channels.
There will be nearly complete global coverage every day. MODIS data are superior to AVHRR in most ways, and should provide exceptional data for global land cover characterization. The NASA-sponsored MODIS Land Science team has developed plans to use MODIS data to routinely generate a global land cover product every four months (Moody and Strahler 1993 , Running et al. 1994 , Justice 1998 ). The MODIS product, developed by researchers at Boston University, will use the IGBP DISCover land cover legend.
While these new state-of-the-art satellite data will o er incredible opportunities for global mapping, experience from this research suggests that the implementation of the operational capability will face fundamental problems. Realistically, we are a long way away from understanding how to develop automated processes that capture the full temporal and spectral diversity of the Earth's land cover. Even though a supervised classi cation approach is suited to repetitive mapping of the same area and same land cover types, it is quite challenging to be able to identify and train on the important 1 km patterns of global land cover. Through this research, it has been learned that: (1) the relationship between land cover and temporal-spectral data is frequently ambiguous; (2) the phenological dynamics of the Earth's land cover are complex, with similar land cover types having quite variable seasonal properties; and (3) land cover spectral and temporal characteristics in many parts of the world, certainly in the tropics, are a ected by atmospheric and other environmental contaminants. The ability to apply supervised techniques to produce land cover maps and information with the range, quality and detail needed by scientists and resource managers is a huge challenge.
Finally, there are many issues that require further investigation. Recommendations for future research areas include the following.
E
Strategies for dealing with the uneven distribution of land cover and vegetation reference data. The dearth of data from developing countries is problematic. Achieving globally consistent land cover data may be di cult until appropriate reference data become available. New land cover mapping projects, using high-resolution remotely sensed data, could provide much of the needed data.
Methods for pre-processing remotely sensed data, including atmospheric corrections, radiometric calibration, compositing techniques and image registration, in order to improve the overall quality of the data products.
The role of MODIS data for both detailed and routine repetitive mapping.
An improved approach to urban land cover characterization. The DCW urban layer used in this research is inadequate. Strategies such as the recent work by Elvidge et al. (1997) with Defense Meteorological Satellite Program data should be explored.
Methods for characterizing wetlands using coarse-resolution data. This problem may require approaches merging both coarse-and high-resolution data from both active microwave and optical sensors, and ancillary data.
An approach for improving the consistency of forest cover classes is needed. The subjective determination of forest density classes and separating mixed from other forests is likely to be inconsistent due to the manual interpretation process. It would be quite useful to rst derive measures of canopy density, leaf type and phenology for use in forest cover interpretation.
Improved characterization of the attributes of agricultural lands. Agriculture and agriculture-impacted lands cover a signi cant portion of the Earth and are incredibly complex due to both environmental characteristics and land management decisions.
Strategies for improving the consistency of seasonal land cover regions. While seasonal land cover regions provide a detailed and multivariate perspective on global land cover patterns, the usefulness of the data is reduced by their arbitrary and inconsistent format.
